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Four field experiments were conducted to investigate the effects of seed rate on yield and quality of wheat. Despite some small and inconsistent effects of seed rate on radiation use efficiency and harvest index, the responses of PAR interception, above ground biomass and grain yield generally followed similar asymptotic increases as seed rate increased. In one experiment, when nitrogen fertilizer was withheld, biomass and grain yields did not respond to increases in seed rate despite increases in PAR interception. In one experiment, grain yield followed a parabolic response to seed rate with apparent reductions in yield at very high seed rates. Plants compensated for low population densities by increased production and survival of tillers and, to a lesser extent, increased grain numbers per ear. Net tiller production continued until the main stems flowered or later. Effects of seed rate on grain specific weight and thousand grain weight were small and inconsistent. Hagberg falling number increased linearly with seed rate in three experiments, associated with quicker maturation of the crop. Grain protein concentration declined with increase in sowing date according to linear divided by linear or linear plus exponential models depending on whether the grain yield response was asymptotic or parabolic. Discolouration of the grain with blackpoint increased with seed rate in the most susceptible cultivar, namely Hereward. The economic consequences of these effects on yield and quality are discussed.
	
Introduction
Seed rates used by UK wheat farmers are high compared to those used in most wheat-producing areas (Gooding & Davies 1997). For autumn-sown crops more than 300 plants/m2 surviving the winter has been recommended (Sylvester-Bradley et al. 1997). Seed rates currently in use by farmers in the UK are, therefore, generally above 300 seeds/m2 (Spink et al. 2000), and Wibberley (1989) suggests a seed rate of 185 kg seed/ha for crops sown in October, equating to about 370 seeds/m2. Recently, however, financial pressures have encouraged a reappraisal of these high seed rates. Spink et al. (2000) and Whaley et al. (2000) have reported that at 1999 prices the economic optimum plant population density at one site in the UK over three seasons was always less than 110 plants/m2 for wheat sown by the end of October. This reflected a high degree of compensatory ability of the wheat plants. At low seed rates they recorded greater radiation use efficiency, increased production and survival of tillers per plant, and therefore, more ears per plant. Adopting the lower plant populations suggested by Spink et al. (2000) and Whaley et al. (2000) as targets for UK producers would represent a significant saving in seed costs, which otherwise typically account for 20% of the variable costs of growing the crop (Nix 1999). This paper seeks to investigate further the possibility of using lower seed rates by determining yield responses at another site and also by assessing the impact on grain quality.
Reductions in grain numbers per plant as plant population density increases results in a progressive decline in the grain yield response. Typically, therefore, for wheat in fertile and moist conditions, when there is good weed and disease control, and minimal lodging, grain yield per unit area increases asymptotically with increase in plant population density (Khah et al. 1989; Ellis et al. 1999) such that:
					(Eq. 1)
Where Y is yield (g m-2),  is plant population density (plants/m2), and a and b are constants.  This was first derived mathematically by Shinozaki & Kira (1956) and experimentally by Holliday (1960) to describe yield of crop biomass. It applies to grain yield if  does not greatly affect harvest index. When grain yield declines at high densities, for example if harvest index also declines, the response can follow a parabola as described by Bleasdale (1984), thus:
					(Eq. 2)
Grain quality, as well as yield is increasingly important for farmers marketing wheat grain in the UK (Jellis 2001; Askew 2001). Others have not found large effects of seed rate on grain quality criteria such as grain specific weight, Hagberg falling number and grain protein concentration (Cromack & Clark 1987; Samuel & East 1990). However, this previous work only included relatively high ranges of seed rates and the plant populations did not straddle those Spink et al. (2000) and Whaley et al. (2000) suggest are optimal. There is some evidence that grain quality can be significantly affected by reducing plant populations to below 100 plants/m2. We have, for instance, recently derived and tested a linear divided by linear model to describe the response of grain protein (N x 5.7) concentration to plant population density (Gooding et al. 2001). This relies on grain nitrogen yield (Yn), increasing asymptotically with increases in plant population density in the same way as grain yield in Eq. 1, thus:
						(Eq. 3)
If Eq. (1) and (3) apply then nitrogen concentration (N%), and therefore protein concentration in the grain responds to plant population density thus: 
						(Eq. 4)
where A = b/bn 100, B = (a/an - b/bn) 100, and  D = bn/an. This relationship predicts large effects of plant population over ranges of low sowing densities, but needs to be tested in more than the single case used to develop the model (Gooding et al. 2001).
There are other mechanisms by which reducing sowing density might significantly affect grain quality. For example, crops sown sparsely often mature more slowly than dense stands (Wang et al. 1997). In other contexts delayed maturation has been associated with high levels of -amylase activity in the grain (Kettlewell 1997; Kettlewell & Cashman 1997; Lunn et al. 2001), and greater discolouration of the grain with blackpoint (Ellis et al. 1996; Ellis & Gooding 1996; Dimmock & Gooding 2002). Sowing density can also sometimes affect mean grain weight (Spink et al. 2000) and -amylase and blackpoint are often positively associated with mean grain weight (Evers et al. 1995; Ellis et al. 1996; Naylor 1998). 






Field experiments, two each in 1997/98 and 1998/99 growing seasons, were sown in to a free-draining sandy-loam soil of the Sonning Series at the Crops Research Unit, The University of Reading, Sonning Farm, Berkshire (51 27 N, 0 56 W). In each year, the experiments followed a two-year grass ley. Plots were drilled as 16 rows, 115 mm apart, 30 mm deep, separated by 250 mm track wheelings on each side and 1.5 m discard area at each end. 

Crop husbandry and experimental design
Experiments 1 to 3
The experiments on winter wheat each contained five sowing rates (50, 100, 200, 350 and 600 seeds m-2). In Expt 1, cultivar (cv.) Hereward was sown on 14 October 1997. The five seed rates were factorially combined with five rates of chlormequat growth regulator (0, 0.5, 1, 2 and 4 kg a.i./ha) applied at the start of stem extension. Plots were 11 m long. The twenty-five treatment combinations were replicated three times in a completely randomized design. Weeds were controlled by applications of herbicide products supplying  400 g/ha of bromoxynil plus 400 g/ha of ioxynil at growth stage (GS, Zadoks et al. 1974) 13, and 50 g/ha of thifensulfuron-methyl plus 5.25 g/ha metsulfuron-methyl at GS 30. Diseases were controlled by applications of products supplying 400 g/ha prochloraz plus 60 g/ha cyproconazole at GS 31,  125 g/ha epoxiconazole at GS 39, and 562 g/ha fenpropimorph at GS 59. Cypermethrin insecticide was applied at 25 g/ha at GS 69.  Nitrogen fertilizer was applied as ammonium nitrate prills just prior to extension of the main stems  (40 kg N/ha), GS 30 (80 kg N/ha), and GS 32 (80 kg N/ha). Plants were counted during tillering (16 February, 1998) either side of a 0.5 m rule, placed parallel between two rows. Twenty-eight random placings of the rule were counted per plot and plant population density calculated. Harvest was on 13 August 1998. 
In Expt 2, cvs Hereward and Cockpit were each sown at the five seed rates on 9 October 1998 in 4.6m-long plots. Each cultivar  seed rate treatment was factorially combined with either 0 or 1.66 kg chlormequat / ha sprayed at the start of stem extension. The twenty treatment combinations were randomized in two complete blocks. The crop protection spray programme was identical to the first experiment except that 2.5 kg/ha of isoproturon was applied at GS 13 instead of the bromoxynil plus ioxynil, and kresoxthim-methyl (125 g/ha) plus epoxiconazole (125 g/ha) was applied instead of the fenpropimorph. Ammonium nitrate prills were applied at GS 30 (100 kg N/ha) and GS 32 (100 kg N/ha). Plants were counted 6-18 April either side of a 0.5 m rule, placed parallel between two rows. Seventeen random placings of the rule were counted per plot. Harvest was on 6 August 1999. 
Expt 3 neighboured Expt 2 and had identical plot sizes, crop assessments, crop protection sprays, and sowing and harvest dates. The five sowing rates of cv. Hereward were factorially combined with three rates of nitrogen fertilizer (0, 200 and 350 kg N/ha) applied as ammonium nitrate prills in two equal splits at GS 30 and GS 32, and with the two chlormequat treatments used in the second winter wheat experiment. The thirty treatment combinations were randomized in three complete blocks.   
 
Experiment 4
The spring wheat cultivars Axona and Chablis were each sown at four seed rates (75, 200, 350 and 600 seeds m-2) in 4.6m-long plots, replicated twelve times in a randomized design, on 22 April 1998. Ammonium nitrate prills (80 kg N/ha) were applied after seedling emergence. Weeds were controlled by applications of herbicide products supplying  400 g/ha of bromoxynil plus 400 g/ha of ioxynil at GS 30. Fenpropimorph fungicide (562 g/ha) was applied at GS 39 and cypermethrin insecticide (25 g/ha) was applied at 25 g/ha at GS 61. Plants were counted 16-23 May either side of a 0.5 m rule, placed parallel between two rows. Seven random placings of the rule were counted per plot. Harvest was on 18 September.

Assessments
Number of tillers per plant were counted from twelve plants (twenty-four plants in the first wheat experiment) per plot selected randomly. Photosynthetically active radiation (PAR) was measured above and below the canopy at three (six in the first winter wheat experiment) random locations within the plot with a 1 m-long bar containing 80 sensors (Delta-T Decagon Sunfleck ceptometer SF-80, Delta-T Devices Ltd., Cambridge). Measurements were taken between 11.00 and 14.30 hrs on clear days at approximately fourteen day intervals from seedling emergence until interception started to decline with crop senescence during grain filling. A logistic curve (Eq. 5) was fitted to the % interception  time (t) curve for each plot to provide daily estimates of % interception. These estimates were multiplied by the daily radiation recorded at an automatic weather station adjacent to the experiments. The products were summed to estimate the total radiation intercepted by each plot during the period of assessment. 
					(Eq. 5)
Ears were counted during July within at least 10 x 0.1m2 quadrats per plot. A greater area was sampled for the lower seed rates, i.e. a total of 2 m2 for 50-200 seeds/m2. Crop maturity was appraised in three ways. First, the green area (%) of the flag leaves was assessed on twelve plants per plot during senescence. Secondly, total plot ‘greenness’ was assessed by visual appraisal of the whole plot. Scores ranged from one, for subplots that were completely senesced, to ten for the most intensely green plots. Lastly, grain moisture content during the latter stages of grain maturation was assessed. A single grain from the lowermost floret of a central spikelet in each of ten ears per plot was dissected. The weights of the ten grains were recorded before and after drying at 75°C for 48 h.
Above ground harvest index was determined from four (eight in the first winter wheat experiment) 0.5 m-row lengths per plot cut at 10 mm above the soil, during the two weeks before harvest. The central 1.3 m width of each plot was combine harvested (Wintersteiger Nursery Master Elite, Inkreis, Austria). Grain moisture content was determined gravimetrically so that grain yields could be expressed on an 85% d.m. basis. The grain was assessed for specific weight (kg/hl) using a chondrometer (Gooding & Davies 1997). After milling, N concentration was determined with an oxidative combustion method (Association of Official Analytical Chemists 1990) using an automated Dumas type combustion analyzer (Leco Instruments (UK) Ltd., Stockport). Grain protein concentration (% d.m.) was calculated by multiplying N by 5.7. Hagberg falling number analysis was undertaken with equipment incorporating automatic agitation (Hagberg Falling Number, Stockholm; British Standards Institution (1982)). Thousand grain weight was determined by counting the number of grains in a 10g (20g for the first winter wheat experiment) sample of dried grains per plot. Fifty (100 for the first winter wheat experiment) grains were scored for blackpoint. Score 1 signified blackening restricted to the embryo region; score 2 described blackening extending over the shoulders of the grain; and score 3 was used if blackening covered the majority of the grain surface. The total score was expressed as a percentage of the maximum possible score of 150  (i.e. fifty grains scoring 3).

Statistical analyses
Polynomial regressions were fitted across seed rate levels using orthogonal polynomial contrasts in the analyses of variance for all data sets. Whereas plant population density () is the independent variable in equations 1 to 4, in these analyses seed sowing rate (s, seeds/m2) was substituted for . This is because seed sowing rate was the independent variable in this investigation. Using  as an independent variable is problematic because its assessment is subject to larger errors than s, and the value of  varies over time. There was no attempt to sow a planned plant population density and s is the variable of direct concern to growers. Nitrogen, growth regulator and cultivar levels were included as factors where appropriate. Where the quadratic seed rate effect, or the deviation from the quadratic seed rate effect was significant (P<0.05) residual mean squares were compared to determine whether the two parameter, asymptotic model (Eq. 1), was more appropriate. Comparison of residual mean squares were made to determine whether model parameters should be allowed to vary with nitrogen or cultivar, based on a significant reduction in residual mean square. A similar technique, together with an examination of the distribution of the residuals, was employed to determine whether more complex models (eg. Eq. 2) should be adopted.

Results




Plant population density increased linearly with seed rate. Average establishment rate was 65% (Fig. 1a). As seed rate was increased, tiller production per plant (Fig. 2) and their survival rate to form ears (Table 1) decreased, but grain numbers per ear were neither greatly nor consistently affected by seed rate. Crop maturation was hastened by increasing seed rates, as evidenced by reduced grain moisture contents and earlier crop senescence (Table 1).
Fractional interception of PAR (Fig. 3) increased with seed rate because of effects exhibited at three parts of the logistic curve. First, interception during winter was increased. This is revealed by an increase in logistic A (Eq. 5) from 12.1 % (S.E. = 0.59) at 50 seeds/m2 to 18.7 % at 600 seeds/m2. Second, the time taken for PAR interception to increase most rapidly was shortened as seed rate increased, i.e. time to curve inflection (logistic m) was reduced from 192 days (S.E. = 1.9) with 50 seeds/m2 to 163 days at the highest sowing rate. Finally, maximum PAR interception (logistic A+C) was increased from 83.9% (S.E. = 1.15) at 50 seeds/m2 to 93.5% at 600 seeds/m2. The rate of increase in PAR interception (logistic B) was not consistently affected by seed rate.
For total PAR interception, above-ground crop dry matter, and grain yield the effects of seed rate, linear seed rate, and quadratic seed rate were significant (P < 0.001). A two-parameter asymptotic model [Eq. 1] accounted for more variation than the quadratic model in all three cases (Fig. 1b, c & e). Despite the similarities in the response of PAR interception and dry matter, dividing the latter by the former to give an apparent PAR use efficiency (PARUE, Table 1) demonstrated that PARUE was least at the lowest sowing density.
Harvest index decreased linearly with seed rate  (P < 0.01; Fig. 1d). For thousand grain weight, effects of seed rate and quadratic seed rate were significant (P < 0.001). The quadratic response described a positive relationship up to 350 seeds/m2 followed by an apparent decline at higher seed populations. There were no significant effects on specific weight (Fig. 1g), but HFN increased linearly as seed rate was increased from 100 and 600 seeds/m2 (P < 0.001). In contrast, the HFN at the lowest seed rate (50 seeds/m2) was much higher than extrapolation of this linear model (Fig. 1h). GPC declined with increasing seed rates. The response of GPC to seed rate deviated significantly (P < 0.01) from the quadratic model but it was adequately described by the linear divided by linear function (Eq. 4). Blackpoint increased linearly with seed rate (P < 0.05; Fig. 1j).

Experiment 2
For plant population density, effects of seed rate, linear seed rate and quadratic seed rate were significant (P < 0.001) reflecting a substantial decline in establishment rate from 72% at 50 seeds/m2 to 46% at 600 seeds/m2. Plant establishment was slightly, but significantly (P < 0.05), greater for cv. Cockpit than for cv. Hereward (Fig. 4a). Cultivars did not, however, differ with respect to PAR interception, above ground dry matter, grain yield nor harvest index. As in the previous year, above-ground dry matter and grain yield responded asymptotically to seed rate (Fig. 4c & e). PAR interception also appeared to approach an asymptote (Fig. 4b) although the quadratic model explained more variation than Eq. 1 and was, therefore, adopted. In contrast to the earlier experiment, harvest index responded quadratically to seed rate reflecting a significant increase in harvest index as seed rates increased to 350 seeds/m2 but then an apparent reduction at the highest seed rate (Fig. 4d). For thousand grain weight, linear seed rate  cultivar was significant (P < 0.05) because thousand grain weight increased with seed rate in Cockpit but not in Hereward (Fig. 4f). For specific weight, effects of cultivar, seed rate, quadratic seed rate and deviations from quadratic seed rate were significant. A simple asymptotic model, where cultivars differed only in the asymptote, gave an adequate description of the data (Fig. 1g). Hereward also had higher HFN than Cockpit, but there was no significant effect of seed rate (Fig. 4h). GPC declined with seed rate and was greater for Hereward than for Cockpit. There was no significant cultivar  seed rate interaction. A common linear divided by linear model, where cultivars differed only in asymptote, provided an adequate description of the data (Fig. 4i). For blackpoint, effects of seed rate, linear seed rate, cultivar, and linear seed rate  cultivar were significant (P < 0.05). These effects arose because blackpoint increased with seed rate in Hereward, but not in Cockpit (Fig. 4j).

Experiment 3
Plant population density increased quadratically with seed rate (Fig. 5a) as establishment rate declined from 56% at 50 seeds/m2 to 38% at 600 seeds/m2. For PAR interception the effects of seed rate, linear seed rate, quadratic seed rate, deviations seed rate, and nitrogen were significant. There was no significant interaction between seed rate and nitrogen (P = 0.46). Simple asymptotic models (Eq. 1) were fitted across the seed rate levels allowing only the asymptote to vary with level of nitrogen. The zero nitrogen treatment intercepted less light than when nitrogen had been applied, but there was no significant difference between the 200 kg N/ha and 350 kg N/ha treatments (Fig. 5b). For above ground dry matter, effects were similar to those for PAR interception except that there was a significant quadratic seed rate  N interaction. This was principally because, in the absence of N fertilizer, there was no effect of seed rate on above ground dry matter (Fig. 5c), despite the increase in PAR interception. Radiation use efficiency was, therefore, significantly reduced as seed rates were increased in the zero N treatment (Table 2). 
For harvest index, effects of seed rate, linear seed rate, quadratic seed rate, N, and linear seed rate  N were significant (P < 0.05). When no N had been applied, harvest index declined with increase in seed rate. When nitrogen was applied, harvest index only appeared to decline when seed rate was increased from the intermediate values to 600 seeds/m2 (Fig. 5d). These declines in harvest index contributed to an apparent decline in grain yield at high seed rates at all N levels (Fig. 5e). For grain yield the effects of seed rate, quadratic seed rate, N, seed rate  N and quadratic seed rate  N were significant (P = 0.01). Partly because of the apparent decline in yields at high seed rate, this was the only experiment where a parabolic (Eq. 2), rather than asymptotic, response of grain yield to seed rate was justified. The most appropriate model included common values of a and θ, but different values of b for the different levels of N. 
Ear numbers per plant were reduced by increasing seed rate and increased by applying nitrogen (Table 2). Effects of nitrogen were greater at the lower seed rates and this contributed to a seed rate  nitrogen interaction (P = 0.002). There was also a seed rate  nitrogen interaction (P < 0.001) on grains per ear. Grains per ear declined with increasing seed rate, a decline that was particularly marked at the zero N level (Table 2). 
For thousand grain weight, effects of seed rate, quadratic seed rate, and N were significant (P = 0.01). Thousand grain weight increased, then decreased as seed rate increased (Fig. 5f). Applying nitrogen increased thousand grain weight, but there was no difference between 200 kg N/ha and 350 kg N/ha. For specific weight, effects of seed rate, N and seed rate  N were significant (P = 0.01) but no appropriate model could be found that adequately described the different seed rate responses (deviations from quadratic were significant; P < 0.05). Increasing seed rate increased specific weight throughout the range used here when no nitrogen had been applied (Fig 5g). The greatest specific weights were, however, achieved when nitrogen had been applied to plots sown at 100 and 200 seeds / m2.
For Hagberg falling number positive effects of linear seed rate (P < 0.05) and N (P < 0.001) were significant (Fig. 5h). In contrast to all previously described measurements, but in common with GPC, significant improvements in HFN were achieved by increasing nitrogen level from 200 kg N/ha to 350 kg N/ha (as well as from zero N). For GPC effects of seed rate, N and seed rate  N were significant (P < 0.01). For both the main effect of seed rate, and the interaction with N there were significant deviations from the quadratic model (P < 0.01). This was the only experiment for which fitting the linear divided by linear model presented difficulties. Similarly, the simple exponential model, suggested as an alternative to the linear divided by linear model (Gooding et al. 2001), also appeared inappropriate. Grain protein concentration (GPC) was reduced by increasing seed rate from 50 to 100 seeds/m2, as it was in all other experiments. However, when nitrogen had been applied, this reduction was abruptly curtailed as seed rate increased further, and in the case of 350 kg N/ha, appeared to be reversed. At no nitrogen level was the lowest GPC recorded for the highest seed rate. A more complex model was, therefore, needed. Those fitted in Fig. 5i are of a linear plus exponential form (Eq. 6) where all linear terms (a, b and c) are allowed to vary with N level.
GPC = a + brs + cs						(Eq. 6)
For blackpoint effects of seed rate, linear seed rate, quadratic seed rate and quadratic seed rate  N were significant (P < 0.05). Blackpoint generally increased as seed rate increased, but rates of increase declined at high seed rates when nitrogen had been applied (Fig. 5j).

Experiment 4
Plant population density increased quadratically as seed rate increased, reflecting a decline in establishment rate from 79% at 75 seeds/m2 to 59% at 600 seeds/m2 (Fig. 6a). As in all other experiments, dry matter yields increased asymptotically with seed rate (Fig. 6c). PAR interception also appeared to approach an asymptote although, as in the second winter wheat experiment, the quadratic model explained more variation than Eq. 1 and was, therefore, adopted in Fig. 6b. Harvest index increased linearly with seed rate and was greater for cv. Axona than for cv. Chablis (Fig. 6d). Grain yield increased asymptotically with seed rate, with a higher asymptote for Axona than Chablis, reflecting the differences in harvest index for the two cultivars (Fig. 6e). The thousand grain weight of Axona declined slightly with increasing seed rate, while in Chablis increasing seed rate up to 350 seeds/m2 increased thousand grain weight (Fig. 6f). Specific weight increased asymptotically with seed rate (Fig. 6g). Hagberg falling number increased linearly with seed rate (Fig. 6h) and was greater for Axona than for Chablis. Grain protein concentration declined with seed rate according to a linear divided by linear response (Fig. 6i). Low levels of blackpoint, lowest in Axona, were reduced further by increasing seed rate until 350 seeds/m2, the response then being reversed with further increase to 600 seeds/m2 (Fig. 6j).

Discussion
Establishment rates achieved in these experiments, and the declines in establishment rates at high sowing densities, are consistent with other recent reports for spring-sown (Ellis 1997) and October-sown (Spink et al. 2000) wheat crops in the UK. The main compensatory mechanism for low plant population densities was the increased production and survival of tillers. At the two lowest seed rates in the winter wheat experiments, net tiller production continued well in to June, i.e. whilst the ears on the main stem were flowering. This later tillering would have contributed to the observed delay in maturation, and uneven ripening (Tompkins et al. 1991). The crop may also have matured earlier at the high seed rates if soil nutrient and water resources had become depleted under the larger canopies.
The responses of total PAR interception to seed rate do not equate precisely to the responses of above ground dry matter. This was exemplified by the better fit of the quadratic model than the asymptotic model in two of the experiments for PAR interception, and the change in radiation use efficiency with sowing rate. Radiation use efficiencies calculated here were somewhat lower than those reported by Whaley et al. (2000) for September-sown wheat but the method of calculation differed substantially between the two studies. Our approach was based on season-long PAR interception and total final above ground biomass, whereas Whaley et al. (2000) calculate RUE during rapid canopy growth. RUE may be reduced at the beginning and the end of crop development due to temperature and water limitation, respectively. Additionally, RUE is known to vary with ontogeny of a number of crops and is often greatest at intermediate growth stages (Wheeler et al. 1993). Our conclusions are contrary to those of Whaley et al. (2000) because, except for the special case when nitrogen fertilizer was withheld, PARUE was not markedly greater at the lower seed rates. When nitrogen was withheld, PARUE was reduced as PAR interception increased. This resulted in a constant dry matter yield at maturity as seed rate rose. It appears, therefore, that there was a sink limitation to yield in this nitrogen treatment. For example, the marked reduction in grain numbers per ear and plant with seed rate when nitrogen was withheld may have affected a reduction in photosynthetic rate. Grain numbers/m2 averaged only 8200 (S.E.=212) when nitrogen was withheld compared with 15200 for the 200 kg N/ha treatment. Rawson et al. (1976) did report changes in photosynthetic rate during grain filling when grain numbers were altered in some circumstances.
The reduction in harvest index with increasing seed rate seen in Expt 1 is consistent with some other reports (Fischer et al. 1976; Ellen 1990; Whaley et al. 2000). In Expt 3, increasing seed rate at zero N produced a similar response. In this latter treatment, grain numbers per ear approached values that Wheeler et al. (1996) found directly limited the rate of harvest index increase during grain maturation. It does not appear, however, that the same mechanism could explain harvest index effects when nitrogen had been applied and grain numbers per ear were much larger. When nitrogen was applied to winter wheat in 1999, maximum harvest index occurred at intermediate sowing densities for both experiments. This concurs with Baker (1982) who found, except in one cultivar, that harvest index was greater at 270 seeds/m2 than either 110 seeds/m2 or 430 seeds/m2. The exceptional cultivar responded like the spring wheats reported here, i.e. harvest index increased with seed rate. Clearly, responses of harvest index to seed rate are variable, even between similar experiments at a single site.
The significant, but variable, responses of harvest index to seed rate indicate that the fitting of the simplest asymptotic function (Eq. 1) to grain yield can be a simplification of the true response. That fitting a further parameter (Eq. 2) was only justified statistically in one experiment reflects the relatively small size of the effects on harvest index. Overall, therefore, despite small effects on PARUE and harvest index this experiment is in agreement with others in that grain yield of wheat crops with good water supply and adequate nutrition, is largely a function of total above-ground biomass produced during the season, which in turn, is closely related to the amount of light intercepted by the canopy (Biscoe & Gallagher 1978; Gallagher & Biscoe 1978). 
Using the functions to describe only the grain yield response, illustrated in Figs 1e, 4e and 5e, and the same seed costs and crop values (£0.0135 per 1000 seeds, and £80 per tonne) used by Spink et al. (2000), the economic optimum seed rates are estimated to be 375, 230 and 175 seeds/m2 for Hereward grown with 200 kg N/ha in Expts 1 to 3 respectively. Part of the disparity among these results and between these and those presented by Spink et al. (2000) arise because of the different types of function fitted. For example allowing grain yield to decline at the highest seed rates, as suggested by the fall in harvest index, but not fully justified by the statistical approach adopted here, and fitting Eq. 2 in Expts 1 and 2, the economic optimum seed rate declines to 330 and 190, respectively. Fitting Eq. 2 for all three experiments suggests optimum plant densities of 210, 100 and 90 plants/m2. Conclusions for the 1999 results are, therefore, comparable to those of Spink et al. (2000) although the optimum plant density in the previous year was substantially greater than this. It is not clear why the optimum densities differ so much between years except that responses around the optimum are very shallow, and as demonstrated in the last winter wheat experiment, highly dependant on nitrogen availability. Indeed, using an average of the optimum seed rates of 250 in each year would result in a reduction in margin over seed cost of only about £10/ha/yr. Moreover, commercial winter wheat crops can show considerable variation in establishment rate within a field (Ellis 1997). Given that farmers are risk averse, a potential £10/ha/yr reduction in margin might well be regarded as an acceptable insurance policy.
As in other studies, responses of grain specific weight to sowing density were small and inconsistent (Cromack & Clark 1987; Samuel & East 1990). There was no evidence that altering seed rate to account for effects on specific weight would be justified economically.
The increases in Hagberg falling number with seed rate seen in three of the four experiments could be economically significant if they occurred around threshold values used by millers when purchasing grain (i.e. 220 to 250 s). Contrary to previous work on -amylase (Evers et al. 1995), effects could not be explained by the responses of mean grain weight to seed rate: these were small and inconsistent. However, the association between seed size and -amylase activity can be cultivar specific (Naylor 1998). Increases in HFN, and inferred reductions in -amylase activity with seed rate were negatively related to grain moisture content during grain maturation, and other indicators of crop maturity, as has been the case in other experiments (Kettlewell 1997; Kettlewell & Cashman 1997; Lunn et al. 2001). Earlier, more even maturation at high plant population densities might also help to maintain high Hagberg falling numbers if it allowed more timely harvesting and, therefore, reduced the risk of ripe grain germinating in the ear after rain. Conversely, if increasing seed rate encouraged lodging then Hagberg falling numbers would be expected to decline sharply (Gooding & Davies 1997).
Reductions in grain protein concentrations as seed rates increase, as found in all four experiments, are indicative of situations where fewer plants are required to trap near asymptotic levels of nitrogen, compared with the numbers needed to yield the same proportion of asymptotic biomass or grain yields (Gooding et al. 2001). In other very different environments and farming systems both negative (Radov et al. 1976; Kurten et al. 1982) and, in no-till situations, positive (Tompkins et al. 1991; Sunderman 1999) responses of grain nitrogen concentration to sowing rate have been reported. Some of the discrepancies amongst reports might also be partly ascribed to confounding effects of plant population density on weed competition. For example, Samuel & East (1990) found protein concentration to decline with seed rate at a relatively weed-free site, but found the reverse at a site with high weed infestation. 
For wheat meeting other quality criteria for breadmaking, the reduction in grain protein concentration can be costed as the value of the amount of urea-N applied after anthesis needed to maintain grain protein concentrations at the levels achieved at the lowest seed rate. Assuming an £18/ha cost to increase grain protein concentration by 1%; an average premium of 16% for bread making wheat (Dimmock 2001), i.e. a grain price of £93/t; Eq. 2 to describe yield responses; and Eq.s 4 and 6 to describe grain protein concentration responses, economic optimal seed rates would be 310, 180 and 175 for the cv. Hereward grown with 200 kg N/ha in the three experiments. The inclusion of a cost for reduced protein concentration tends, therefore, to reduce the optimum seed rate slightly despite the higher value of the product. The difference was more dramatic in the spring wheat experiment. For example, taking only yield in to account on cv. Axona suggested a maximum margin over seed cost at 235 seeds/m2. This declined to 190 seeds/m2 when allowance was made for reduced protein concentration in a bread-making quality sample. In this latter case, however, yields were very low and average protein concentrations were always much higher than that required for UK milling wheat samples.
Hereward has previously been found to be particularly susceptible to blackpoint (Ellis et al. 1996). The consistent increase in blackpoint on this variety with increasing seed rate has not been reported previously. It does not appear that the response can be explained on either the basis of increased grain size, or delayed grain drying and maturation. 
Overall, this work supports other recent UK experiments showing that target populations for October-sown winter wheat are often substantially lower than 300 plants/m2. Reducing target plant populations to between 100 and 150 plants/m2 could improve quality in terms of both increased protein concentration and reduced blackpoint severity. With regards Hagberg falling number, the situation is more complex. In the absence of lodging reducing seed rates can reduce Hagberg falling numbers. However, although not confirmed here, reducing seed rates would also be expected to reduce the risk of lodging and, therefore, the risk of much greater reductions in Hagberg falling number. It is confirmed that reducing seed rates is associated with delayed, and more variable, crop maturation. The impact of this variability is difficult to quantify but it is likely to reduce the efficacy of inputs where this varies with the ontogeny of the crop. Finally, reducing seed rates increases reliance on compensatory mechanisms and increases problems associated with poor and variable emergence.  Others have stressed the relative cheapness of seed compared with the potentially higher costs of poor establishment in adverse circumstances (Wibberley 1989). More, therefore, needs to be done to quantify the risks of reducing seed rates, and how these risks might be managed, possibly with altered nitrogen fertilizer regimes (Ellis et al. 1999).






Anon. (1999). 1999 Cereals Variety Handbook. Cambridge: National Institute of Agricultural Botany.
Askew, M. F. (2001). Production trends and developments in wheat markets. Aspects of Applied Biology 64, Wheat Quality, pp. 7-14.
Association of Official Analytical Chemists (1990). Official Methods of Analysis (15th edn.), Protein (crude) in animal feed Dumas method 968.06, pp 71-72.
Baker, R. J. (1982). Effect of seeding rate on grain yield, straw yield and harvest index of eight spring wheat cultivars. Canadian Journal of Plant Science 62, 285-291.
Biscoe, P. V. & Gallagher, J. N. (1978). A physiological analysis of cereal yield I. Production of dry matter. Agricultural Progress 53, 34-50.
Bleasdale, J. K. A. (1984). Plant Physiology in Relation to Horticulture, 2nd edn. MacMillan: London.
Bodson B., Franc J., Destain J-P., Durdu M-H. & Falisse A. (1997). Hybrid wheat – A different wheat crop? Aspects of Applied Biology 50, Optimising Cereal Inputs: Its Scientific Basis. Part I: Genetics and Nutrition, pp. 23-30.
British Standards Institution (1982). Cereals - Determination of Falling Number BS 4317 : Part 9. BSI: Hemel Hempstead.
Cromack, H. T. H. & Clark, A. N. S. (1987). Winter wheat and winter barley – the effect of seed rate and sowing date on grain quality. Aspects of Applied Biology 15, Cereal Quality, pp. 171-180.
Dimmock, J. P. R. E. (2001). The effects of modern fungicides on the quality of winter wheat. PhD Thesis, The University of Reading. 
Dimmock, J. P. R. E. & Gooding, M. J. (2002). The effects of fungicides on Hagberg falling number and blackpoint in winter wheat. Crop Protection (In press).
Ellen, J. (1990). Effects of nitrogen and plant density on growth, yield and chemical composition of two winter wheat (Triticum aestivum L.) cultivars. Journal of Agronomy and Crop Science 164, 174-183.
Ellis, R.H. (1997). Determining appropriate seed sowing rates. Precision Agriculture 1997 1, Spatial Variability in Soil and Crop. pp. 281-288. Oxford: Bios Scientific Publishers Ltd.
Ellis, S. A. & Gooding, M. J. (1996). Associations between blackpoint and grain development of winter wheat cultivars. Proceedings of the British Crop Protection Conference – Pests and Diseases, 407-408.
Ellis, S. A., Gooding, M. J. & Thompson, A .J. (1996). Factors influencing the relative susceptibility of wheat cultivars (Triticum aestivum L.) to blackpoint. Crop Protection 15, 69-76.
Ellis R. H., Salahi M. & Jones S. A. (1999). Yield-density equations can be extended to quantify the effect of applied nitrogen and cultivar on wheat grain yield. Annals of Applied Biology 134, 347-352.
Evers, A. D., Flintham, J. & Kotecha, K. (1995). Alpha-amylase and grain size in wheat. Journal of Cereal Science 21, 1-3.
Fischer, R.A., Aguilar, M. I., Maurer, O. R. & Rivas, A. S. (1976). Density and row spacing effects on irrigated short wheats at low latitude. Journal of Agricultural Science, Cambridge 87, 137-147.
Gallagher, J. N. & Biscoe, P. V. (1978). A physiological analysis of cereal yield I. Partitioning of dry matter. Agricultural Progress 53, 51-70.
Gooding M. J. & Davies W. P. (1997). Wheat Production and Utilization: Systems, Quality and the Environment. Wallingford: CAB International.
Gooding, M. J., Pinyosinwat, A. and Ellis R.H. (2001). The response of wheat grain nitrogen concentration to plant population density. Aspects of Applied Biology 64, Wheat Quality. pp. 157-162.
Holliday, R. (1960). Plant population and crop yield, I & II. Field Crop Abstracts 13, 159-167, 247-254.
Jellis, G. J. (2001). Quality wheat – the key to a successful future. Aspects of Applied Biology 64, Wheat Quality, pp. 1-6.
Kettlewell, P. S. (1997). Seasonal variation in the response of Hagberg falling and liquefaction numbers to propiconazole fungicide in wheat. Annals of Applied Biology 130, 569-580.
Kettlewell, P. S. & Cashman, M. M. (1997). Alpha-amylase activity of wheat crops differing in grain drying rate. Journal of Agricultural Science, Cambridge 128, 127-134.
Khah, E. M., Roberts, E. H., Ellis, R. H. (1989). The effect of seed ageing on the growth and yield of spring wheat at different population densities. Field Crops Research 20, 175-190.
Kurten, P. W., Lang, V. & Aigner, H. (1982). Influence of increasing N applications in spring on thousand-grain-weight and crude protein content of winter wheat in relation to stand density. Landwirtschaftliche Forschung 35, 162-169.
Lunn, G. D., Kettlewell, P. S., Major, B. J. & Scott, R. K. (2001). Effects of pericarp alpha-amylase activity on wheat (Triticum aestivum) Hagberg falling number. Annals of Applied Biology 138, 207-214.
Naylor, R. E. L. (1998). Grain size, germination and -amylase activity in wheat. Eighth International Symposium on Pre-Harvest Sprouting in Cereals. pp. 199-208.
Nix, J. (1999). Farm Management Pocketbook. Ashford: Imperial College at Wye.
Pinyosinwat, A. (2001). The effect of seed rate on the yield and quality of wheat and its interaction with other agronomic practices. PhD Thesis, The University of Reading.
Radov, A. S., Chuyan, G. A. & Chuyan, S. I. (1976). Effect of fertilizers on yield of spring wheat sown at different rates on grey-chestnut soils in Volgograd province. Agrokhimiya 1, 73-76.
Rawson H. M., Gifford, R. M. & Bremmer, P. M. (1976). Carbon dioxide exchange in relation to sink demand in wheat. Planta 132, 19-23.
Samuel, A. M. & East, J. (1990). Organically grown wheat – the effect of crop husbandry on grain quality. Aspects of Applied Biology 25, Cereal Quality II, pp. 199-208.
Shinozaki, K., Kira, T. (1956). Intraspecific competition among higher plants. VII. Logistic theory of the C-D effect. Journal of the Institute Polytechnic Osaka City, University Series D7, 35-72.
Spink, J. H., Semere, T., Sparkes, D. L., Whaley, J. M., Foulkes, M. J., Clare, R. W. & Scott, R. K. (2000). Effect of sowing date on the optimum plant density of winter wheat. Annals of Applied Biology 137, 179-188.
Sunderman, H. D. (1999). Response of hard red winter wheat to seed density and seeding rate in no-till. Journal of Production Agriculture 12,100-104.
Sylvester-Bradley, R., Scott, R. K. & Clare, R. W. (1997). The Wheat Growth Guide. London: Home Grown Cereals Authority.
Tompkins, D. K., Fowler, D. B. & Wright, A. T. (1991). Water-use by no-till winter wheat: Influence of seed rate and row spacing. Agronomy Journal 83, 766-769.
Wang, Z. L., Fu, J. M., He, M. R., Yin, Y. P. & Cao, H. M. (1997). Planting density effects on assimilation and partitioning of photosynthates during grain filling in late-sown wheat. Photosynthetica 32, 199-204.
Whaley, J. M., Sparkes, D. L., Foulkes, M. J., Spink, J. H., Semere, T. & Scott, R. K. (2000). The physiological response of winter wheat to reductions in plant density. Annals of Applied Biology 137, 165-177.
Wheeler, T. R., Hadley, P., Ellis, R. H. & Morrison, J. I. L. (1993). Changes in growth and radiation use by lettuce crops in relation to temperature and ontogeny. Agricultural and Forest Meteorology 66, 173-186. 
Wheeler, T. R., Hong, T. D., Ellis, R. H., Batts, G. R., Morrison, J. I. L. & Hadley, P. (1996). The duration and rate of grain growth, and harvest index, of wheat (Triticum aestivum L.) in response to temperature and CO2. Journal of Experimental Botany 47, 623-630.
Wibberley, E. J. (1989). Cereal Husbandry. Ipswich: Farming Press.
Zadoks, J. C., Chang, T. T. & Konzak, C. F. (1974). A decimal code for the growth stages of cereals. Weed Research, Oxford 14, 415-421.


Table 1. Effect of seed rate on crop maturity, ears per plant, grains per ear and photosynthetically active radiation (PAR)  use efficiency of Hereward winter wheat in 1997/98
Seed rate (seeds/m2)	Grain moisture content (%)	Green-ness score(1-9)	Green area of the flag leaf (%)	Radiation-use efficiency (g DM/ MJ PAR)	Ears per plant	Grains per ear






































Figure 1. The effect of sowing density on; (a) plant population (plants/m2); (b) PAR interception (MJ/m2); (c) above ground crop biomass (t d.m./ha); (d) harvest index (%); (e) grain yield (t/ha at 85% d.m.); (f) thousand grain weight (g d.m.); (g) specific weight (kg/hl); (h) Hagberg falling number (s); (i) grain protein concentration (% d.m.); and blackpoint score (%) of Hereward winter wheat. Bars represent S.E. (50 DF) of points.  See text for details of models fitted.

Figure 2. Effect of seed rate on tiller production by plants of Hereward winter wheat. Symbols denote 50 (), 100 (), 200 (), 350 () and 600 () seeds sown / m2. Fitted lines are quadratic divided by quadratic with constant omitted. Bars represent S.E. (50 D.F.) of points.

Figure 3. Effect of seed rate on fractional interception of photosynthetically active radiation (PAR) by plants of Hereward winter wheat. Symbols denote 50 (), 100 (), 200 (), 350 () and 600 () seeds sown / m2. Fitted lines are logistic curves fitted to PAR interception following the sowing of 50 (dashed line) and 600 (solid line) seeds/m2. Bars represent S.E. (50 D.F.) of points.

Figure 4. The effect of sowing density on; (a) plant population (plants/m2); (b) PAR interception (MJ/m2); (c) above ground crop biomass (t d.m./ha); (d) harvest index (%); (e) grain yield (t/ha at 85% d.m.); (f) thousand grain weight (g d.m.); (g) specific weight (kg/hl); (h) Hagberg falling number (s); (i) grain protein concentration (% d.m.); and blackpoint score (%) of Hereward () and Cockpit () winter wheat. Bars represent S.E. (19 DF) of points.  See text for details of models fitted.

Figure 5. The effect of sowing density on; (a) plant population (plants/m2); (b) PAR interception (MJ/m2); (c) above ground crop biomass (t d.m./ha); (d) harvest index (%); (e) grain yield (t/ha at 85% d.m.); (f) thousand grain weight (g d.m.); (g) specific weight (kg/hl); (h) Hagberg falling number (s); (i) grain protein concentration (% d.m.); and blackpoint score (%) of Hereward winter wheat given 0 (), 200 () and 350 () kg N/ha. Bars represent S.E. (58 DF) of points.  See text for details of models fitted.
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